Oscillation Physics at Accelerators

A Wholev World
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Fermilab
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Pushing the boundaries. the atmospheric result
Rocky terrain: LSND
Terraincognita: The future

But first:
Why accelerators are the way to go...




Making Neutrino Beams at Proton Accelerators

Option 1.
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Target magentic decay region
Proton (usually Be) fOCl:ISI ng (usually air)  Absorber
accel erator device \ (usually Fe)

Option 2:

Absorber (often Cu)



Accelerators give you more control.

PV *Ve)= SiN220 sin?(1.27Am2L/E)
For ¥ beam with energy E

v, disappearance
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Distance from v source (L)
Oscillation Probability depends on:
*Two fundamental parameters _
e Am?2 Y ou can pick your
. 5220 L & E to select
*Two experimental parameters ens '_“\_/'ty to
e L: distance from source to detector aspecific range
* E: Neutrino energy of Am?




L/E, Intensity and Sensitivity

Py = sin® 20sin*(1.2TAm*L/E)

e Small Am* = small P,
Unless the experiment has large L/E

to compensate!

e Large Am* —» oscillations happen rapidly

For a single v energy:
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detector placement:

But beams have a wide E range,

detectors have finite resolution and large size:
(sin®(1.27Am*L/E)) = 1/2

By choosing L/E too large,

You can lose sensitivity to Am®

e Small sin” 20 — small probability,
So an experiment needs high statistics



L isadiscrete choice
E isawaysadistribution (innearly all neutrino experiments!)

Fraction of v Flux / 0.1 GeV

| Vy Flux
10 & V. Flux

The peak position depends on:

10 energy of incoming protons

magnetic focusing of secondaries
using horns

Decay-at-rest beams: up to 50 MeV
Decay in flight beams: up to 300 GeV



Y ou a so have more control over the neutrino flavor

nolecules

But accelerator beams can be made of nearly pure vu
(Decay in flight)

Or with awell established flavor content
(Decay at rest)

In the atmosphere vu/ve
depends on energy
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Beam timing makes the signal
easy to identify over

d{Event Rate] /d(Nhit) Hz
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backgrounds...
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It is even possible to see the fine timing...

ATATA A

RF Wave

| Run nu

mber 3907, event time:Thu Mar 6 DD:06:49 2003

A clear timing
structure from
the RF

Beam time residual ]

" At Fermilab:

a19 ns" buck

ructure"
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Timing cuts result in a sgnificant reduction of background.



Exploration #1: i
Understanding the 3

atmospheric

oscillation signal I
Super K has seen adeficit of vy,
but...

*|sitredly vu - vr?

* |sthere no other component?
* What is the correct Am??

* |sthe mixing angle maximal ?

Atmospheric
v, >V

Solar MSW |
V Vg “

1ol L rov o aval I L L1a

-2 -l
10 10 1
.2
sin 20

To study Am?~1E-3
you need L/E~1E3

If E~1 GeV
then L~1000 km



K2K experiment:

Data Reductio SK K2K Event
accelerator based e aron for il

_ At = Tgg — Tk — timeof flight
v, disappearance

“ E
"103* Event is not a decay eleciron
g "Total PMT charge cut |

10° //// W/
/ %1 ) detivis:
.

~1GeV neutrino beam
near detector at KEK

5
A(T) us

~250 km away

SuperK detector Accelerator produced events are

well isolated by the timing!



Results on atmospheric anomaly with K2K

| 80 Measure " E, F.C. 22.5kt I-ring W-like
56 no oscillations
52 Expected A | , o
I I35I 29 v, events: tAM*=3x10~eV
>
no 3 5 7 ~20 signal J S R .
0. (x10%eV?) consistent with ‘ _____ _ ! \
Super-K results o * B i {
Energy spectrurﬁe

K2K was a crucia proof of principle & has added useful info,
but it will always be statistics limited. We need new experiments!



MINQOS:. v, beam from FNAL to

E~2GeV Soudan in Minnesota
L =730 km
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Exploration #2: Jo
Understanding the 3t
LSND il
oscillation signa Atmospheric
_ v, —Vx
LD-*E_ Solar MSW :
VoV
LSND has seen ve appearance T T
in avu beam but... 29
* Isit redly oscillations?
* |f so how can we explain that?
V1
Amlzzv2 Amy3? = Amgy® +
Problem: A2 AM,2



N\ The LSND Experiment at LANL

Neutrino Energy (1993-1998)

E= 20-55 MeV * accelerator based
Beam:

* V, >V, appearance
& s St ol
mostly --

decay at rest (v,.)

A thouzand-aped detctor

stopped Tt — Pt + v,
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800 MeV proton beam from

LANSCE accelerator LSND Detector
*167 tons liquid
Water target scintillator
wer PeAmSIP ¢1240 PMTs

V, appearance N

Tag v s from CC interaction and subsequent neutron capture
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"The W only shakes
with the left hand"

&0

In principle there could be right-handed Sterile NetitTinos”
neutrinos. They just would not interact

But so far we have
only considered
left handed neutrinos

These participate
In the weak
Interaction.

Strictly
|eft-handed
neutrinos
Because a Dirac neutrino mass term
In the SM Lagrangian looks like:

M assless
Neutrinos

m(\7LVR + VRV L)

But now we know that neutrinos have mass...



Massive neutrinos imply there are right-handed neutrinos.

"Sterile Neutrinos"
cannot Interact via the weak interaction

——But they could oscillate to standard model neutrinos

Extra Dimensons:
(Valle+, PRD63 073002,
Ma +, hep-ph/0006340, tec)

W\

Super Symmetry
(Dvai +, hep-ph/9810257,
Arkani-Hamed +, hep-ph/0006312, etc.)

An extra neutrino
solves the
LSND problem

Grand Unified Theories  \°©

(Mohapatra, hep-ph/017264,
McKeller + , hep-ph/0106121, etc.)

AV



MiniBooNE Detector

MiniBooNE at Fermilab:

Test LSND

In anew E range

thus adifferent L range
so that L/E isthe same.

Expect results in 2005!




Exploration #3:
Whither

accel erator-based
neutrino physics?

A Neutrino

Factory

Proton Drivers:
JPARC,
A US Proton Driver?

An important
upcoming guestion!

Near Term:
MINQOS, CNGS, MiniBooNE



Neutrino measurements are statistics limited....need lots of protons!
Future high intensity proton sources output >10* Protons/year!

@

Super conducting linac (400 — 600 MeV)

400 MeV conducting

1 GeV superconducting linac (Phase 2) :
linac

Meutrino experimental facility

Phase1: Basic tests
Phase2: Engineering tests

JPARC
In Japan

3 GeV synchrotron

Storage ring or synchrotron i i s s
{Phase 2] 25

Particle and

nuclear physics
experimental facility 30 GeV synchrotron

Meutron scattering experimental facility

Mucn and upstable nuclear physics experimental facilities

Phasel: 1 MW

Phase2: 5 MW 100 m

A neutrino experiment
can never be too big or have too many protons!



|mportant to the next step in oscillation measurements

L eptogenesis—» Baryogenesis
Baryon excess

matter effects

CPviolation
4 POSC(VO( - VB) # Posc@a - VB)
CP + matter, <«
Am? <0
=)
>
1 CP
O
2
3
al \\ J
O
CP parameter

modify this too!
Am2<0

To untangle,
you heed
different
baselines!

Posc(Va - VB)



Not just for oscillations...
For example: Neutrino Magnetic Moments

Sensitive to beyond-the-Standard-Model theories!

.. _3eG 19
Minimally Extended Standard Modél M= 8 /o1 m, ~3x 107y,

SUSY models- left-right supersymmetric models
Hye 05.34 x 10-15 - 10-16 g

py, 01.13x 1012 - 1013 g m
r %II’( r

Uy, 01.9x 1012 g
. VL %'Ll VR

Large Extra Dimensions
Hy11.0x 101 pg

Present limits are about
an order of magnitude away...



And non-neutrino physics also!
* An excellent neutron source
* |nteresting low energy muon beams
* Medical applications

Proposalsto build a Proton Driver in the US:
BNL

Fermilab
Jefferson Lab (?)

An important opportunity for the U.S. to pursue!

CEBAF with Energy Recovery




A nd B eyOnd l II " linae 2 GeV, 4 m:v A-:cum];tlatcﬁ
. . ring + bunc
Neutrino Factories produce compressor
Intense neutrino beams from horn SameLic

muon decay

Target

Ionization
cooling

Phase rotation

Linac = 2 GeV

Recirculating
Linacs 2 = 50 GeV

 H-evy

TJ(-cﬁy ring — 50 GeV
= 2000 m circumlerence

T v beam (o near detector
~———
~———

—_—

Several years e
Of R& D r_ff v beam to far detector Orders Of M wnltUde

away. more muon
AND electron
neutrinos



Conclusions:

Accelerators alow better experimental control,
hence higher precision

Already the program is varied and exciting:
coming soon: More from K2K
First results from MiniBooNE
The startup of Minos and CNGS

There is great potential for future proton drivers
and perhaps a neutrino factory

Thisisrich territory to explorel




